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Abstract.  Concurrent  with Riezman's report (Riez- 
man,  H.  1985, Cell.  40:1001-1009)  that fluid-phase en- 
docytosis of the small molecule Lucifer yellow occurs 
in the yeast Saccharomyces  cerevisiae,  Makarow 
(Makarow, M.  1985. EMBO [Eur. Mol.  Biol.  Organ.] 
J.  4:1861-1866)  reported the endocytotic uptake of 
70-kD FITC-dextran  (FD) and its  subsequent compart- 
mentation into the yeast vacuole. Samples of FD syn- 
thesized and purified here failed to label yeast vacu- 
oles under conditions that allowed labeling using 
commercial FD.  Chromatography  revealed that the 
commercial FD was heavily contaminated with at least 
three low molecular weight fluorescent compounds. 
Dialysis was ineffective for removing the contaminants. 
After purification (Sephadex G25, ethanol extraction), 
commercial FD was incapable of labeling vacuoles. 
Extracts of cells labeled with partially purified FD 
contained FITC, not FD, based on Sephadex and thin 
layer chromatography.  In either the presence or ab- 
sence of unlabeled 70-kD dextran,  authentic FITC (10 
~tg/ml) was an effective labeling agent for vacuoles. 
The rapid kinetics (0.28 pmol/min per  106 cells at pH 
5.5) and the pH dependence of FITC uptake suggest 
that the mechanism of FITC uptake involves diffusion 
rather than endocytosis. In view of these results,  label- 
ing experiments that use unpurified commercial FD 
should be interpreted with caution. 
S 
EVERAL lines  of evidence suggest  that  uptake  of the 
small molecule, Lucifer yellow (Riezman,  1985), and 
macromolecules (Makarow,  1985; Makarow and Nev- 
alainen,  1987) can occur in the yeast Saccharomyces cere- 
visiae by a mechanism that  resembles fluid-phase  endocy- 
tosis.  In a potentially  related  development,  recent reports 
strongly support a role for receptor-mediated endocytosis in 
the yeast cell's response to a-factor mating pheromone (Jen- 
ness  and  Spatrick,  1986; Chvatchko  et al.,  1986). Fluid- 
phase endocytosis should provide a port-of-entry  for loading 
cells with a variety of otherwise impermeant metabolites  or 
tracer molecules.  Its occurrence in yeast encourages the ap- 
plication of the powerful genetics of this organism  not only 
for the analysis  of endocytotic  mechanisms  but also for the 
analysis of phenomena dependent on internalization  of im- 
permeant substances. 
In the latter  of these applications,  we have attempted  to 
replicate the reported labeling of yeast vacuoles by high mo- 
lecular  weight,  FITC-conjugated  dextran  (FD) t to  inves- 
tigate problems in organelle biogenesis and function (Maka- 
row,  1985; Makarow  and  Nevalainen,  1987). As  will  be 
reported here, we found that the fluorescent staining of yeast 
1.  Abbreviations  used  in  this  paper:  FD,  FITC-conjugated  dextran; 
F-NH2,  fluorescein amide;  FTC-NH2,  fluorescein  thiocarbamylamide; 
XRITC,  substituted rhodamine isothiocyanate. 
vacuoles by "70-kD FD" results from the uptake of low mo- 
lecular  weight  impurities  in  commercial  samples of FD. 
FITC appears to be the most potent of these impurities,  and 
its uptake most likely reflects simple diffusion and trapping 
rather than endocytosis. 
Our  results  suggest  that  attempts  to  introduce  macro- 
molecular materials  into whole yeast cells by an endocytotic 
route may be ill-advised.  Also, in view of the potential reac- 
tivity of FITC (particularly  if concentrated  in subcellular or- 
ganelles) our findings suggest that results obtained using FD 
of uncertain  purity should  be interpreted  with appropriate 
caution.  In view of these implications,  we report here the de- 
tails of our evidence against the uptake of FD by whole yeast 
cells. 
Materials and Methods 
Cells and Media 
The reported experiments were done using a diploid strain of S. cerevisiae 
(derivative of $288C),  K12936, of genotype a/rt,  ura  3-52/+,  leu2/+, 
+/trpl. Cells were grown at 30~  shaking,  in YEPD medium containing 
1% yeast extract (Difco Laboratories, Inc., Detroit, MI), 2 % Bacto-peptone 
(Difco Laboratories, Inc.), and 2 % glucose (added aseptically after separate 
sterilization).  Log-phase ceils were harvested at culture densities of 1-5  x 
107 cells/ml and washed  twice with PBS (pH 7.5)  (Duibeeco and Vogt, 
1954) at 24~  in a Sorvall bench-top centrifuge (model GLC 1I; Dupont 
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kept on ice up to 30 rain before use in uptake assays, for which the required 
amount of cells was pelleted in 1.5-ml micmfuge tubes (13,000 g, 5 s) and 
resuspended in the assay medium. 
Uptake  Assays 
Photomicrographic and quantitative FD uptake assays were performed as 
described by Makarow and Nevalainen (1987) except the usual FD concen- 
tration was 100 mg/ml (Makarow, 1985). The assay medium was YEPD con- 
taming 20 mM Hepes, pH 7.2,  and FD or other substances as specified. 
Cells were suspended in 0.05-0.20 ml of assay medium at 3  x  l0  s cells/mi 
and incubated 30 min at 37~  Under these assay conditions, we observed 
that the pH of the medium dropped rapidly during the incubation period, 
apparently due to fermentative carbon dioxide production. The pH fell be- 
low 6.0 within 10 rain and stabilized at 5.6 by the end of the 30-rain incuba- 
tion. In specified assays of FITC uptake, pH was held constant by using 
lower cell concentrations and greater buffering (see Results), but otherwise 
we allowed the pH to fall as described. 
The cells were then harvested and washed using the bottom half(see be- 
low) of a  13-mm Swinney filter holder (Millipore Continental Water Sys- 
tems, Bedford, MA) mounted on a  suction flask, as follows. For routine 
photomicrographic assays, the cells were diluted with 1 rift ice-cold PBS, 
filtered, washed on the filter with 5 ml cold PBS, resuspended in 5 mi cold 
PBS,  refiltered,  washed on the  filter with 2  ml  cold  PBS,  and  finally 
resuspended in 0.2-0.8  ml  cold PBS (los cells/nil) for microscopy. For 
quantitative uptake assays, the PBS washing was done at 24~  and a second 
resuspansion and filtration from 5 ml PBS was included to minimize con- 
tamination of  cell surfaces by adsorbed fluorescent materials. We emphasize 
that the filtration apparatus must be l~pt scrupulously clean by suitable rins- 
ing during cell preparations to avoid contamination by traces of FD -  for that 
reason, filters were held by suction alone, without using the gasket and top 
half of the Swinney holder (Millipore Continental Water Systems). 
After photomicrography of aliquots of labeled cells, the cells were con- 
centrated by centrifugation (13,000 g  for 5  s) and resuspension in PBS at 
3  x  los-3 x  109 ceUs/ml. Fluorescent substances were then extracted by 
adding 1/50 vol 10% (wt/vol) SDS, incubating at 24~  for 5 rain, centrifug- 
ing 13,~ g for 10 rain, and removing aliquots of  the superuatant for fluoro- 
metric  and  chromatographic  analysis.  Phase-contrast and  fluorescence 
microscopy revealed no evidence of intact vacuoles or intracellular fluores- 
cence in SDS-extracted cells. A second treatment with 0.2% SDS extracted 
insignificant amounts of additional fluorescent material from labeled cells. 
Fluorometry 
Cell extracts and chromatographic fractions were analyzed using a Fluoro 
IV  spectrofluorometer (Gilford Instrument Laboratories,  Inc.,  Oberlin, 
OH) with 5-nm excitation slit and lO-nm emission slit. Typically, samples 
were suitably diluted in 20 mM sodium phosphate (pH 80) and emission 
was measured at 520 nm with excitation at 495 nm. Chromatographically 
purified carboxyfluorescein (Molecular Probes, Eugene, OR) or fluorescein 
(Sigma Chemical Co., St. Louis, MO) were used as reference standards 
(these had essentially the same quantum yield). 
Thin Layer  Chromatography 
Extracts, fractions, and fluorescein derivatives were analyzed on Analtech, 
Inc. (Newark, DE) reverse-phase RIPS Uniplates. Development was with 
solvent  system  A  (20%  [vol/vol]  methanol,  80%  [vol/vol]  10  mM 
Hepes-NaOH, pH 7.6) or B (35 % [vol/vol] methanol, 65 % lvol/vol] 10 mM 
Hepes-NaOH, pH 7.6) as indicated. Where specified, plates containing 
samples of FD were partially developed in solvent C (80% [vol/vol] metha- 
nol, 20%  [vol/vol]  distilled water), dried, the origin containing insoluble 
FD cut away, and the contaminants at the solvent front were then resolved 
by further development in solvents A or B.  Developed plates were pho- 
tographed using a  100-W epifluoresc~nce microscope illuminator (Carl 
Zeiss, Inc., Thorn~,~xxi,  HY) with 450-490-nm excitation bandpass and 
with a long-pass 520-nm emission filter on the camera lens. 
Gel Chromatography 
FD and fluorescein derivatives were analyzed or purified using Sephadex 
(325 (Pharmacia Fine Chemicals, Inc., Piscataway,  NJ). FD was fraction- 
ated using a  1.5 cm x  24 cm column (VT =  40 nil). 18 ml of commercial 
FD, 10 mg/mi in 20 mM sodium phosphate, pH 8.0, was loaded into the G25 
column and allowed to stand for 30 rain before resuming elution. Fractions 
containing macromolecular material in the void volume were pooled, dia- 
lyzed against distilled water, and lyophilized, all under minimal illumina- 
tion conditions. Fractions (at 4  x  VT) containing a major composite impu- 
rity peak were pooled, adjusted to pH 3, extracted into ethyl acetate, dried 
under vacuum, and dissolved in 50% ethanol. Recovery of 495 nm absorb- 
ing material in the ethanol extraction was 93 %. When used in uptake assays, 
aliquots of the ethanolic solution of impurities were vacuum-dried before 
addition to the assay medium. Analytic separations were performed on the 
same 40-ml column or on a 0.65 cmx  6 cm (VT =  2 ml) mini-column. 
Elution buffer contained 20 mM sodium phosphate, pH 8.0. 
Microscopy 
Cells were examined with phase-contrast and epifluorescence optics using 
a  Zeiss microscope with a  100  ￿  oil-immersion objective. Fluorescence 
filters were Zeiss BP450-490 (excitation), FTSIO (beam splitter), and LP520 
(emission barrier). CeUs in PBS (10  s cells/ml) were immobilized for pho- 
tography on slides coated with 20 Jtl of 1 mg/mi concanavalin A  (Sigma 
Chemical Co.). Photographic exposures were as indicated, using Kodak 
Tri-X ASA 400 film with film speed pushed to ASA 1600 using Diafine de- 
veloper (Acufine, Inc., Chicago, IL). 
Other Materials and Methods 
Concentrations of fluorescein derivatives were determined gravimetricaily, 
by absorbance at 495 nm using 6M =  70,000, or by fluorescence emission 
at 520 nm as described above. FITC, 4.1-kD FD, and 70-kD FD were pur- 
chased from Sigma Chemical Co.; cat. Nos. FD-4, FD-70S).  Substituted 
rhodamine  isothiocyanate (XRITC)  was  from  Research  Organics,  Inc. 
(Cleveland, OH).  70-kD FITC  +  XRITC double-labeled dextran (FRD) 
was synthesized here using the method of de Belder and Granath (1973). 
70-kD unlabeled dextran was from Sigma Chemical Co. 
Results 
Preliminary Experiments 
Attempts to label yeast vacuoles using Makarow's (1985) pro- 
tocol and 70 kD FRD synthesized here were repeatedly un- 
successful. Since we had no difficulties using this FRD (or 
XRITC-conjugated dextran prepared  similarly) as  an  en- 
docytotic label for mammalian cells (Cain, C. C., and R. E 
Murphy, 1986; Cain and Murphy, 1987, manuscript submit- 
ted for publication), we supposed that low molecular weight 
contaminants in commercial FD might account for its effec- 
tiveness in labeling yeast cells. This supposition was based 
on our previous (unpublished) observations of  contamination 
in commercial FD and on the fact that extremely high con- 
centrations of FD (100-200  mg/ml) were required for label- 
ing yeast vacuoles  (Makarow,  1985). Preliminary experi- 
ments revealed that, in fact, the partial hydrolysis products 
of FITC,  the  most likely contaminants in  FD,  provided 
fluorescent labeling of yeast vacuoles when tested at concen- 
trations less than 10 Bg/ml (data not shown, but see below). 
Starting from those observations, we performed a series of 
experiments to determine the composition of  commercial FD 
and to identify the material that accumulated in the vacuoles 
of yeast incubated in commercial FD. 
Purification  of  FD 
Using the reported protocol for labeling vacuoles with FD 
(Makarow and Ncvalainen, 1987), we found that a commer- 
cial sample of FD (Sigma lot #105F-5029)  was an effective 
labeling agent at 100 mg/ml concentration (Fig.  1 a). TLC 
revealed three major fluorescent contaminants in the com- 
mercial FD that were virtually absent from our own FRD 
(Fig. 2,  lanes 4,  5,  and 11). We undertook a  sequence of 
purification steps to obtain pure macromolecular FD for cn- 
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dialysis against BSA was effective in removing the various 
contaminants in FD (Fig. 2, lane 6). Removal of most of the 
impurities was achieved by serial chromatography on Sepha- 
dex G25 (three cycles) followed by two ethanol precipitations 
(Fig. 2, lanes 8-10; note increased loads). The major impuri- 
ties in the FD were mostly removed during the first analysis 
on G25 as two major peaks eluting much later than the mac- 
romolecular FD in the void volume. Summarizing the results 
of Sephadex and TLC analyses of the impurity fractions, we 
found that 100 mg of the commercial FD contained 4 nmol 
FITC, 400 nmol of an unidentified degradation product of 
FITC, named "P" (see below), and 100 nmol of fluorescein 
amine (F-NH2) (data not shown). 
Loss of Vacuolar Staining using Purified FD 
Preparations of FD of two increasing degrees of purity (Fig. 
2, lanes 9 and 10) were used in parallel with unpurified FD 
for labeling yeast cells by the method described (Materials 
and Methods). The intensity of vacuolar staining was much 
diminished using the partially purified FDG25(3) (Fig.  1 b) 
and was nearly entirely absent with the most purified prepa- 
ration of FDEt (Fig.  1 c; note exposure times). 
Uptake of Contaminants into Vacuoles 
If the major low molecular weight contaminants in commer- 
cial FD were responsible for the labeling obtained with that 
material,  those  contaminants  should  have  been  effective 
labeling agents in the absence of  the macromolecular compo- 
nent of FD. We incubated yeast in a standard uptake assay 
containing material representing the (composite) major con- 
taminant  fraction eluted from Sephadex G25  (see above). 
The concentration of the contaminant was adjusted (using 
absorbance at 495 nm) to approximate the concentration of 
these  substances  in  the  unpurified FD  at  100 mg/ml.  As 
shown (Fig.  1 d), the composite contaminant material was 
essentially as effective as unpurified FD in labeling the vacu- 
ole.  Similar results  were obtained when unlabeled 70-kD 
dextran (100 mg/ml) was included in the assay mixture along 
with the contaminant fraction (data not shown). 
Identification of  Internalized Fluorescent Label 
Cells were labeled in FD using the quantitative uptake assay 
(Materials and Methods) with 100 mg/ml of  partially purified 
FDG25(1) or FDG25(3). We used partially purified FD to 
avoid results that might reflect unusual contamination levels 
in  a  particular  batch  of commercial  FD.  After extensive 
washing to minimize surface-bound FD, the cells were ex- 
tracted with SDS and the fluorescent extracts analyzed by 
Sephadex G25 and thin layer chromatography. The G25 anal- 
ysis (Fig. 3) revealed that most of the extracted fluorescence 
Figure 1. Phase-contrast (left) and fluorescence (right) photomicro- 
graphs of yeast labeled with FD and other substances. Cells were 
labeled for 30 min at 37~  (see Materials and Methods) with the 
following: A, unpurified commercial FD; B, FD purified on Sepha- 
dex G25 (see Fig. 2, lane 9); C, FD purified by ethanol precipita- 
tion  after  Sephadex G25  (see  Fig. 2,  lane  10); D,  the  FITC- 
containing impurity fraction from G25 analysis of commercial FD 
(included at a concentration giving an absorbance of 30 at 495 nm); 
E,  10  ~tg/ml FITC. Exposure times for the fluorescence micro- 
graphs were as follows: A, 2 s; B, 2 s; C, 12 s; D, 1 s; and E, 1/4 s. 
Bar, 5 ~tm. 
Preston et al. Uptake  of FITC  by Yeast  1983 Figure 2. Thin layer chromatogram of FD of vary- 
ing degrees of purity.  FD and standards  were ap- 
plied as  l-Ill  spots,  initially  developed  in solvent 
C (see Materials  and Methods) and further devel- 
oped in solvent A after cutting off the portion of 
the plate that contained immobile dextrans  at the 
origins.  The two sections  of the plate  were then 
photographed by fluorescence  with an exposure 
time of I  s  (see Materials  and Methods).  Lane 1, 
5 pmol FITC; lane 2, 5 pmol FTC-NH2; lane 3, 
50 pmol F-NH2; lane  4, 20 Ilg commercial FD 
freshly dissolved in water; lane 5, 20 Ilg commer- 
cial FD stored on ice 2 mo as a 200 mg/ml aqueous 
solution; lane 6, 20 Ilg commercial FD dialyzed 
against 1,000 vol I mg/ml BSA, then 1,000 vol dis- 
tilled water at 40C, 24 h each; lane 7, 5 pmol FITC; 
lane 8, 200 I.tg of FD purified  by chromatography 
on Sephadex  (325 (FDG25[1]);  lane 9, 200 Ilg of 
FD  purified  by  sequential  chromatography  on 
Sephadex G25 three times (FDG2513]);  lane 10, 
200 Ilg of FDG25(3) further purified  by two se- 
quential  precipitations  in ethanol  (FDEt); lane//, 
200 lig of FRD synthesized  and purified  here by 
ethanol  precipitation  and  dialysis;  lane  12,  50 
pmol F-NH2; lane 13, 5 pmol FITC. Note the rel- 
atively low quantum yield of F-NH2 vs. FITC. 
chromatographed as low molecular weight material. Integra- 
tion over the relevant fractions showed that 90% of the fluo- 
rescence obtained in extracts  of cells labeled  in FDG25(1) 
was a  low molecular  weight compound that co-chromato- 
graphed  with  authentic  FITC.  Similarly,  an  extract  from 
FDG25(3)-labeled  cells  gave  84%  low  molecular  weight 
fluorescence. Using integrated values from the G25 analyses 
as estimates of the low molecular weight material taken into 
yeast vacuoles,  we found 0.94 pmol/107 cells after labeling 
in  FDG25(1),  and  0.23  pmol/107  cells  after  labeling  in 
FDG25(3).  On TLC, the substance extracted from cells la- 
beled in FDG25(I) comigrated with authentic FITC (Fig. 4, 
lanes 2-4).  Extracts of cells labeled in unpurified FD were 
not analyzed by gel chromatography for reasons mentioned 
above.  However,  we included  such  an extract in the TLC 
analysis (Fig. 4, lane 6) and found roughly equal amounts 
of both FITC and "substance P" in that extract. 
The amounts of FD indicated in the fluorescence in Sepha- 
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Figure 3.  Sephadex  G25 chromatography of ex- 
tracts of yeast labeled  with FD or FITC. SDS ex- 
tract amounts representing  material  from 1-3  x 
107 cells were chromatographed on a  2-ml G25 
mini-column (see  Materials  and  Methods).  The 
fluorescence  (excitation  495  nm,  emission  520 
nm) of fractions from control unlabeled  extracts 
was  subtracted  from that  of the  corresponding 
fractions  from labeled  extracts.  This  correction 
was less than 18% except in fractions  3-7, where 
up to 140% correction was required.  For ceils la- 
beled  in  FDG25(1)  or  FDG25(3),  the  ordinate 
scale represents  pmol fluorescein/liter  normalized 
for a column load containing the SDS extract from 
107 cells.  For cells labeled with FITC, the scale is 
normalized for an extract from 10  ~ cells.  Fraction 
volumes were 0.74 ml. Ceils were labeled with the 
following:  (o)  100 mg/ml FDG25(1)  (see Fig.  2, 
lane 8) at 37~  (t)  100 mg/ml FDG25(3) (Fig. 
2, lane 9) at 37~  (zx) 100 mg/ml FDG25(3) at 
0~  (I:3) 10  Ilg/ml  FITC at 37~  The  fraction 
containing the G25 void volume is indicated  Vo, 
and the peak half-heights  for authentic  FITC are 
also shown. 
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Figure 5. Kinetics  of FITC uptake by yeast. 10 ml of PBS-washed 
cells (3  x  107/ml) were incubated  in YEPD +  50 mM sodium ci- 
trate  +  10 lig/ml  FITC in a rotary shaker.  At the indicated  times, 
1-ml samples were withdrawn,  washed, and extracted  with SDS as 
described  for  quantitative  uptake  assays  (see  Materials  and 
Methods). Fluorescence of  suitable dilutions of  the extracts was as- 
sayed (495 nm excitation,  520 nm emission)  using 200 nM fluores- 
cein as a reference standard.  Extracts of unlabeled  control cultures 
had negligible  fluorescence at equivalent  dilutions.  Cells were in- 
cubated at 37~  pH 5.5 (￿9  3"/~  pH 6.0 (m); 0~  pH 5.5 (a). 
Measurements  of the pH of the cultures  taken after 40 min incuba- 
tion showed less than 0.05 pH unit differences  from the initial pH 
values. 
Figure 4. Thin layer chromatogram of extracts  of yeast labeled  in 
FD. SDS extracts  of cells  labeled  in FD were developed  partially 
in solvent C (see Materials  and Methods), the section of the plate 
containing the origins was cut away, and the remainder of the plate 
further developed in solvent A. The sections of the plate were then 
photographed together with an exposure time of 30 s (see Materials 
and Methods). Samples in lane I, 2 ltl of a reference mixture con- 
taming 0.2 pmol FITC and 2 pmol F-NH2 dissolved in water; lane 
2, the same reference mixture dissolved in an SDS extract of unla- 
beled cells; lane 3, 2 txl of an extract of 5  ￿  106 cells  labeled in 
100 mg/ml FDG25(1);  lane 4, same as lane 2; lane 5, same as lane 
1; lane 6, 2 ~tl of an extract of 5  ￿  106 cells labeled  in unpurified, 
commercial FD; lane  7, 2  ~tl of an extract of 5  x  106 unlabeled 
cells. Note that cell extracts at the concentrations used here contain 
interfering  material(s)  that slightly decrease the mobility of FITC. 
Re-analysis of spots eluted from the TLC plate supports identifica- 
tion of the extracted  material  as FITC (data  not shown). 
dex G25 void volumes for the uptake assays above (Fig.  3) 
could represent a substantial weight of  material, if it were as- 
sumed that the fluorescence in the G25 void volume actually 
represented  70-kD dextran conjugated with 0.01  mol FITC 
per mol of glucose residues (such being the specifications of 
the FD used for labeling). We did not further analyze the ma- 
terial in the G25 void volume and, given the extremely low 
recovery of this material, we would not assume that it shared 
any  property  of the  starting  material  beyond a  molecular 
weight sufficient for exclusion from Sephadex  G25.  If the 
material in the G25 void volume were in fact 70-kD FD, it 
can be estimated from our results (Figs. 2-4) that the mate- 
rial extracted from yeast cells labeled in partially purified FD 
showed a greater than 20,000-fold enrichment for FITC vs. 
FD, relative to the molar ratio of these compounds in the as- 
say medium. That enrichment for FITC, in itself, would be 
very suggestive evidence for the specificity of  the internaliza- 
tion of FITC rather than 70-kD FD in these uptake assays. 
The fact that extracts of cells incubated in partially purified 
FD at 0~  contained an amount of"FD" similar to that ob- 
tained at 37~  (Fig. 3) strongly suggests that this "FD" is su- 
perficial rather than internalized,  since fluid-phase endocy- 
tosis does not occur in yeast at 0~  (Riezman,  1985).  Even 
if all the void volume fluorescence were internalized 70-kD 
FD,  the amount of that material  observed in these experi- 
ments  (Fig.  3)  was  70  pg/106  cells,  for the  incubation  in 
FDG25(3), which is only 2 % of the amount of"internalized 
FD" reported by Makarow and Nevalainen (1987) using the 
same uptake assay. 
Uptake of  FITC into Vacuoles 
The major contaminants in commercial FD were identified 
(see above) as FITC and two degradation products of FITC, 
F-NH2 and an unidentified product,  substance "P: Neither 
degradation  product  detectably  accumulated  in  vacuoles 
when they were tested in the photomicrographic uptake assay 
at  10 ttg/ml concentration (data not shown).  2 However,  10 
2. Product P was found  to be the major breakdown  product  of  FITC in aque- 
ous solution  at pH 6 after several  days  incubation  at 24~  Attempts  to char- 
acterize it were abandoned  when FITC was found  to be a more potent label- 
Preston et al. Uptake of FITC by Yeast  1985 Figure 6.  Thin layer chromatogram of extracts of yeast labeled 
with FITC. SDS extracts from the time course for FITC uptake at 
pH 5.5, 37~  (Fig. 5) were chromatographed as described (legend 
to Fig. 2), except the photographic exposure time was 30 s. 1 gl of 
authentic FITC at various dilutions or I ~ of extracts from the indi- 
cated time points (equivalent to material from 0.3  ￿  106 cells) 
were chromatographed. Lanes 1-3, 50,  100, and 200 fmol FITC; 
lanes 4-9, cell extracts from 0, 5, 10, 20, 30, and 40 min time points; 
lanes 10-12, 0.5, 1, and 2 pmol FITC. The mobility of FITC was 
unaffected by extract components with the low extract concentra- 
tions used here (see Fig. 4). 
~tg/ml FITC was a potent fluorescent vacuole stain under the 
same conditions (Fig.  1 e).  Preliminary experiments sug- 
gested that FITC and impure FD both labeled vacuoles more 
efficiently under acidic conditions. This was confirmed, for 
FITC,  by comparing the kinetics and extent of uptake of 
FITC at pH 5.5 and pH 6.0, using relatively low cell concen- 
trations and well-buffered media (Fig. 5). The initial rate of 
uptake of FITC, under these conditions, was 2.8 pmol/min 
per 107 cells at pH 5.5, 4.2-fold higher than the initial rate 
at pH 6.0  (0.67  pmol/min per  107 cells).  Uptake of FITC 
was much diminished at 0~  (Fig. 5), but it was still suffi- 
cient to provide vacuole-specific labeling that was easily de- 
tectable by fluorescence microscopy (data not shown). Both 
ing agent for vacuoles. The presence of P  in extracts of cells labeled in 
commercial FD (Fig. 4, lane 6) suggests that P at high concentration does 
label yeast vacuoles. 
Sephadex G25 (Fig. 3) and thin layer chromatography (Fig. 
6) of  extracts of  cells labeled with FITC showed that internal- 
ized FITC remained substantially unchanged after uptake 
and extraction. 
Discussion 
The results reported here provide three lines of evidence 
against the endocytotic uptake of macromolecular FD in 
yeast. First, both demonstrably pure FRD synthesized here 
and FD purified from commercial material failed to give 
significant labeling of yeast vacuoles (Fig. 1 c). Second, ex- 
tracts of cells  labeled  in partially purified FD contained 
84-90% of their fluorescence in low molecular weight mate- 
rial that co-chromatographed with FITC on G25 and TLC 
(Figs. 3 and 4). Third, the FITC and/or substance "P" con- 
tamination levels in commercial FD,  or even in partially 
purified  FD,  were  sufficient to  account  for  the  vacuole- 
specific labeling (Fig. 1, d and e) and the fluorescence of cell 
extracts (Figs. 3 and 6) observed with cells incubated in im- 
pure FD. 
The simplest interpretation of these results is that essen- 
tially all vacuolar labeling by contaminated FD is due to 
FITC and substance P, but more complicated explanations 
are not ruled out by our data. We presume that the macro- 
molecular component extracted from cells labeled with par- 
tially purified FD (Fig. 3) reflects FD (or fluorescent macro- 
molecular impurities in FD) superficially adsorbed to cell 
walls rather than internalized material, but other interpreta- 
tions could be made. For example, it seems possible that an 
intermediate molecular weight FD fraction in the Sephadex 
G25 void volume (Mr >  5,000)  could be taken up by en- 
docytosis and, perhaps, partially hydrolyzed to FITC within 
the yeast vacuole. Lack of labeling using ethanol-precipi- 
tated FD  (Fig.  2)  could be explained if the hypothetical 
intermediate-weight fraction had been removed by ethanol 
precipitation but not by Sephadex chromatography. Evidence 
against this hypothesis was found in the fact that commercial 
4.1-kD FD (which was not contaminated with FITC) was also 
incapable of detectably labeling yeast vacuoles, whether or 
not it was ethanol precipitated (data not shown). 
It is possible that the commercial FD used for these experi- 
ments has an atypically high level of impurities. However, of 
two additional lots of 70-kD  FD obtained from the same 
source as that used for the experiments reported here, one 
was equally contaminated with FITC and the other,  while 
considerably more pure,  still contained sufficient FITC to 
provide intensely fluorescent vacuoles in yeast. Similar im- 
pure samples of FD were obtained from a second supplier. 
In any case, our labeling (Fig.  1 b) and cell extracts (Figs. 
3 and 4) were obtained using FD of considerably higher pu- 
rity than commercial FD, so those results are certainly not 
dependent on the use of atypically impure FD.  3 
3. At a typical level of contamination of roughly 40 pmol FITC per mg of 
FD, endocytotic labeling protocols that contain a typical 1 mg/ml FD con- 
centration would also contain 0.04 gM FITC. That amount of FITC would 
most likely be insignificant in an endocytotic labeling experiment, particu- 
larly if the labeling is done at neutral pH. On the other hand, FITC is a 
reactive chemical, it inhibits various ATPases at micromolar levels (Pick 
andBassilian, 1981), and it appears to become concentrated  by some mecha- 
nism, at least in yeast vacuoles. These considerations argue against routine 
reliance on commercial FD of uncertain purity, even at 1 mg/ml concentra- 
tions. 
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enter  yeast cells:  fluid-phase endocytosis, adsorption,  or 
covalent bonding to surface macromolecules followed by en- 
docytosis, active or facilitated transport, or simple diffusion 
across the plasmalemma. We will not discuss the relative 
merits or evidence concerning most of these possible mecha- 
nisms, since it is not our purpose to analyze details of the 
uptake  of  a  highly  reactive  labeling  agent  of  doubtful 
cytochemical use. We point out, however, that the observed 
rate of uptake of FITC (10 ~tg/ml, pH 5.5, 37~  see Fig. 5) 
of 0.28 pmol/min per  106 cells would correspond to a rate 
of fluid-phase endocytosis of 140 lxl/mg cell protein/h. This 
rate would be 3,000-fold higher than that observed for the en- 
docytotic uptake of Lucifer yellow in yeast (Riezman, 1985), 
and would be roughly equivalent to 140% of  the total cell vol- 
ume per hour. On the other hand, we observed an uptake rate 
at pH 6.0 that was 24% of the rate at pH 5.5 (Fig. 5). At pH 
6.0, there is 30% as much of the neutral form of FITC as at 
pH 5.5.  4 The similarity of these percentages suggests that 
the relatively lipophilic, neutral form of FITC is rate-limiting 
for uptake, and this would be consistent with entry by simple 
diffusion across the plasma membrane.  (The inhibition of 
uptake of FITC at low temperature [Fig. 5] need not imply 
an endocytotic uptake mechanism, since changes in mem- 
brane  permeability or  energy-dependent processes  could 
affect diffusional or other mechanisms as well.) While the 
mechanism of entry of FIq~ into yeast vacuoles remains un- 
known, it seems clear that its rate of uptake exceeds reason- 
able expectations for a fluid phase endocytotic route. 
We conclude that it is highly unlikely that fluid-phase en- 
docytosis of macromolecular FD occurs in yeast. Certainly 
there appears to be no good evidence for such an occurrence. 
On the contrary, results obtained using commercial FD can 
be accounted for by non-endocytotic uptake of low molecular 
weight impurities in the FD, including both FITC and an un- 
characterized degradation product of FITC. In view of these 
findings, the use of impure FD in yeast cytology poses two 
specific problems. First, unlike the case for FD, which is a 
well-known marker for endosomal and lysosomal compart- 
ments in animal cells, no similar information is available 
concerning the likely distribution of FITC (and product "P") 
in cells or organelles. Although FITC is clearly capable of 
labeling the yeast vacuole, the mechanism of such labeling 
is unclear, and there is no a priori reason to believe that label- 
4. The 30% figure is based on calculations that use the pK~'s of fluorescein 
as an approximation for those of FITC (Martin and Lindqvist, 1975). For 
the 10 ~tg/ml FITC (26 ~tM) used here, the calculated concentrations of neu- 
tral FITC at pH 5.5 and 6.0 are  1.8 ~tM and 0.5 ~tM,  respectively. 
ing patterns observed with FITC bear any relation to en- 
dosomal transport.  Second, although FD fluorescence has 
been a valuable tool for measuring intracellular pH in animal 
cells (Ohkuma and Poole, 1978), this technique is applicable 
only with the provisos that the intracellular labeling agent is 
the same as the material used to generate in vitro pH-fluores- 
cence  standard curves,  and that the  fluorescent probe  is 
known to be relatively immune to spectral perturbations in 
vivo. Neither of these conditions would be met in using im- 
pure FD as a labeling agent. For these reasons, previously 
reported yeast endosomal and vacuolar pH measurements 
(Makarow and Nevalainen,  1987) obtained with FD of un- 
known purity as a probe are of uncertain significance. 
We thank G. Bright, W. E. Brown, E  Lanni, S. K. Lemmon, C. M. Moehle, 
and A. S. Waggoner for helpful discussions; C. Cain for corroborating our 
initial observations with FRD; G, M. LaRocca for clean FRD and other as- 
sistance; Lauren Ernst for invaluable assistance in the chemistry and analy- 
sis of FITC derivatives; David Botstein for his interest in our preliminary 
negative results; and Helena Frey for typing this manuscript. 
This work was supported in part by National Institutes of Health National 
Research Service Award GMl1329-01 (General Medical Sciences) to R. A. 
Preston; N.I.H. grants AM18090 and GM29713 (E. W. Jones); N.I.H. grant 
GM32508,  and National  Science Foundation grant DCB8351364  (R.  F. 
Murphy). 
Received for publication 13 April  1987, and in revised form 9 July 1987. 
References 
Cain, C. C., and R. F. Murphy. 1986. Growth inhibition of 3T3 fibroblasts by 
lysosomotropic amines: correlation with effects on intravesicular pH but not 
vacuolization. J.  Cell.  Physiol.  129:65-70. 
Chvatcbko, Y., I. Howald, and H. Riezman. 1986. Two yeast mutants  defective 
in endocytosis are defective in pheromone response. Cell.  46:355-364. 
de  Belder,  A.  N.,  and  K.  Granath.  1973.  Preparation  and  properties  of 
fluorescein-labelled  dextrans. Carbohydrate Res. 30:375-378. 
Dnlbecco, R., and M. Vogt. 1954. Plaque formation and isolation of pure lines 
with poliomyelitis viruses. J. Exp.  Med. 99:167-182. 
Jenness, D. D., and P. Spatrick.  1986. Down regulation of the n-factor phero- 
mone receptor in S.  cerevisiae.  Cell.  46:345-353. 
Makarow, M. 1985. Endocytosis in Saccharomyces cerevisiae:  internalization 
of s-amylase and fluorescent dextran into cells. EMBO (Eur. Mol. Biol.  Or- 
gan.) J. 4:1861-1866. 
Makarow, M., and L. T. Nevalainen. 1987. Transport of a fluorescent macro- 
molecule via endosomes to the vacuole in Saccharomyces cerevisiae.  J. Cell 
Biol.  104:67-75. 
Martin, M.  M., and L. Lindqvist.  1975.  The pH dependence of fluorescein 
fluorescence. J, Lumin.  10:381-390. 
Ohkuma, S., and B. Poole.  1978.  Fluorescence probe measurement of the in- 
tralysosomal pH in living ceils and the perturbation ofpH by various agents. 
Proc. Natl. Acad.  Sci.  USA.  75:3327-3331. 
Pick, U., and S. Bassilian. 1981. Modification of the ATP binding site of the 
Ca2+-ATPase  from sarcoplasmic reticulum by fluorescein isothiocyanate. 
FEBS (Fed. Fur. Biochem.  Soc.) Lett.  123:127-130. 
Riezman, H. 1985. Endocytosis in yeast: several of the yeast secretory mutants 
are defective in endocytosis. Cell. 40:1001-1009. 
Riezman, H., Y. Chvatchko, and V. Dulic. 1986, Endocytosis in yeast. Trends 
Biochem.  Sci.  11:325-328. 
Preston et al.  Uptake  of FITC by Yeast  1987 